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During the initial hours after activation, CD4 + T cells experience profound changes in 
gene expression. Co-stimulation via the CD28 receptor is required for efficient activation 
of naive T cells. However, the transcriptional consequences of CD28 co-stimulation are 
not completely understood. We performed expression microarray analysis to elucidate the 
effects of CD28 signals on the transcriptome of activated T cells. We show that the 
transcription factor DEC1 is highly induced in a CD28-dependent manner upon T cell 
activation, is involved in essential CD4 + effector T cell functions, and participates in the 
transcriptional regulation of several T cell activation pathways, including a large group of 
CD28-regulated genes. Antigen-specific, DEC1 -deficient CD4 + T cells have cell-intrinsic 
defects in survival and proliferation. Furthermore, we found that DEC1 is required for the 
development of experimental autoimmune encephalomyelitis because of its critical role in 
the production of the proinflammatory cytokines GM-CSF, IFN-7, and IL-2. Thus, we 
identify DEC1 as a critical transcriptional mediator in the activation of naive CD4 + T cells 
that is required for the development of a T cell-mediated autoimmune disease. 



For productive activation, naive T cells require 
two signals: an antigen-specific signal through 
the TCR and a second signal via the CD28 
co-stimulatory receptor (Lenschow et al., 1996; 
Bour-Jordan et al., 2011). The delivery of the 
combined signals rapidly promotes a complex 
pattern of transcriptional changes that leads to 
efficient T cell proliferation and differentiation 
piehn et al., 2002; Riley et al., 2002). Many 
studies have focused on the membrane-proximal 
events involved in CD28 signals and their 
immediate effects on nuclear translocation of 
transcription factors, including AP-1, NFAT, 
and NF-kB family members (Jain et al., 1993; 
Kontgen et al., 1995; Kempiak et al, 1999; 
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Rao et al, 2003; Marinari et al., 2004; Sanchez- 
Valdepeiias et al., 2006). Based on the central 
role of the CD28/B7 signaling pathway in 
immune responses, autoimmune diseases, and 
allograft rejection, two drugs that block this 
pathway, abatacept and belatacept, have been 
developed and FDA approved (Linsley and 
Nadler, 2009). However, in spite of the func- 
tional and clinical progress in developing co- 
stimulation antagonists for clinical purposes, 
there are few studies on the transcriptional pro- 
gram initiated after CD28/B7 engagement, and 
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few specific transcription factors have been directly associ- 
ated with CD28 signals. Some studies have suggested that 
there may be no unique transcriptional program after CD28 
engagement that cannot be recapitulated by stronger TCR 
signals (Diehn et al., 2002; Riley et al., 2002). However, these 
studies may have underestimated the qualitative effects of 
CD28 co-stimulation as they have, in general, used mixed 
T populations without taking into account the relative differ- 
ences in CD28 dependency between distinct T cell subsets 
(Whitney et al, 2003; Radich et al, 2004; Amyes et al., 2005) 
or the temporal changes in the gene transcription during 
the initial hours after T cell activation (Ellisen et al., 2001; 
Acuto and Michel, 2003). Thus, in this study, we examined 
the consequences of CD28-dependent signals in a highly 
co-stimulation— dependent T cell subset, naive CD4 + T cells. 
We performed gene expression microarrays of human 
and mouse naive CD4 + T cells to identify genes uniquely 
regulated by CD28 signaling that may play a role in the 
global transcriptional changes required for T cell activation 
and differentiation. 

Among the many genes identified in the CD28 co- 
stimulation screen, one transcription factor, DEC1 (also referred 
to as BHLHE40, Stral3, Sharp2, or Bhlhb2), stood out as a 
factor important for the maximal expression or repression of 
many early transcripts during T cell activation. Many of these 
transcripts were also dependent on CD28 co-stimulation. 
DEC1 is a basic helix-loop-helix transcription factor that can 
directly repress or cooperatively activate transcription in a 
wide variety of cells. DEC1 gene expression has been impli- 
cated in repression of neurotrophic factor production in 
neurons (Jiang et al., 2008), regulation of circadian rhythms 
(Honma et al, 2002; Kon et al., 2008; Rossner et al, 2008), 
lipid metabolism homeostasis (Iizuka and Horikawa, 2008), 
and control of cellular responses to a variety of other stimuli 
such as exposure to cytokines and hypoxia (Boudjelal et al., 
1997; Honma et al, 2002; Miyazaki et al, 2002). An initial 
study on DEC 1 -deficient mice showed that they have defective 
T cell-mediated recall responses and they develop spontaneous 
autoimmune disease caused by defects in activation-induced 
cell death (Sun et al., 2001). However, other groups have found 
DECl-deficient mice do not develop spontaneous auto- 
immune disease (Jiang et al., 2008) or they develop disease with 
a very low penetrance (Miyazaki et al., 2010). Thus, we set out 
to better understand the role of DEC 1 in CD4 + conventional 
T cells (T conv cells) during in vivo immune responses, espe- 
cially in CD28-dependent settings. 

To investigate the function of DEC1 in autoreactive 
CD4 + T conv cell responses, we took advantage of a DEC1- 
deficient mouse strain and the experimental autoimmune en- 
cephalomyelitis (EAE) model of multiple sclerosis. EAE is a 
well-defined CD4 + T cell— driven autoimmune disease initi- 
ated by self-antigen peptide immunization. Importantly, it 
is highly dependent on efficient CD28 signaling (Perrin et al., 
1995, 1999; Oliveira-dos-Santos et al., 1999). Microarray 
expression analysis of DECl-deficient cells further demon- 
strated that DEC1 controls a subset of CD28-depedendent 
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genes, and the expression of these genes is required for 
optimal CD4 + T conv cell function in a mouse model of au- 
toimmune disease. 

RESULTS 

Identification of potential regulators of the T cell 
early activation transcriptome 

Effective T cell function requires profound transcriptional 
reprogramming upon stimulation. To characterize transcrip- 
tional changes during the first hours after T cell activation, 
primary human CD4 + CD45RA + T cells were stimulated in 
vitro with antibodies to the CD3 component of the TCR 
and antibodies to the CD28 co-stimulatory receptor. CD69 
and CD25 expression were analyzed to ensure similar activa- 
tion among the seven donors (not depicted) . Expression micro- 
array analysis was performed on RNA samples from each 
donor at 4 and 24 h after stimulation. Approximately 2,500 
genes were either up- or down-regulated more than twofold 
at both 4 and 24 h after stimulation with anti-CD3 and anti- 
CD28 (not depicted). However, a total of ^5,000 genes were 
more than twofold up-regulated by 24 h after activation. Thus, 
the transcriptional profile of the activated T cells at 24 h both 
preserves aspects of the immediate early transcriptional pro- 
file (4 h) and shows significant temporal changes. 

We analyzed the transcriptome of the activated T cells using 
GeneGo (Thomson Reuters) to identify transcription factors 
whose activity might underlie the observed expression patterns. 
The transcription factor candidates were ranked based on their 
connectivity ratio, which is calculated using the number of 
known target genes differentially expressed in the T cell activa- 
tion signature compared with the total number of genes regu- 
lated by the transcription factor (Fig. 1 A). Transcription factors 
with higher connectivity ratios have a larger overlap between 
their known targets and the genes that are differentially regu- 
lated in our dataset. Using this approach, we confirmed regu- 
latory networks known to be essential for efficient T cell 
activation, such as NFAT, c-Myc, and the NF-kB family (Jain 
et al., 1993; Sanchez- Valdepenas et al., 2006;Wang et al, 2011). 
However, the transcription factor with the highest connectivity 
ratio was DEC1, a basic-helix-loop-helix family member. 

We next asked whether the transcription factors identi- 
fied above are themselves transcriptionally induced by TCR 
and CD28 signaling. Interestingly, several transcription factors 
predicted to be involved in the transcriptional regulation of 
T cell activation in our analysis above were highly up-regulated 
at both 4 and 24 h after initial activation compared with un- 
stimulated cells. These factors include DEC1, NFKB1, MYC, 
and NFATC2 (Fig. 1 B). Thus, the increased expression of 
specific transcription factors during the initial hours after 
T cell activation correlates with their predicted role in tran- 
scriptional regulation. 

CD28 co-stimulation stabilizes the 

TCR transcriptome independently of IL-2 

Because CD28 signaling is critical for productive activation 
of naive CD4 + T cells (Lenschow et al., 1996;Bour-Jordan et al., 
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Figure 1 . Early transcriptional regulation of activated naive T cells. (A) List of transcription factors highly correlated (P < 1 x 1CT 9 ) with the tran- 
scriptome of in vitro anti-CD3/anti-CD28-activated primary human T cells, ranked in descending order of connectivity ratio. This ratio indicates the cor- 
relation between known transcriptional targets and transcript expression levels. The input gene list is composed of transcripts with a fold change of more 
than two by 4 h after T cell activation. (B) Volcano plot of transcripts involved in transcriptional control as annotated by GO Biological Processes. Micro- 
array data were obtained by activating primary human T cells with anti-CD3/anti-CD28, with harvest at the times indicated. Transcription factors from the 
table in A with fold change greater than two and P < 0.05 are labeled in the figure. (C) Two-dimensional representation of global gene expression by PCA. 
16,279 transcripts for each sample are included in the analysis. Each dot represents a sample, which is colored and shaped according to activation pa- 
rameters. The combination of PC1 and PC2 summarizes 64°/o of the original dataset variation. (D and E) Gene expression analysis of human naive T cells 
by quantitative real-time PCR after 24 h of activation as indicated with or without 100 U/ml of recombinant human IL-2 and 25 pg/ml BSB. (F) DEC1 
mRNA expression in human naive CD4+ T cells at different time points after activation, indexed to expression in unstimulated cells. Data are represented as 
mean ± SEM. P-values were calculated with an unpaired Student's f test: * P < 0.05; **, P < 0.01. (G) DEC1 protein expression by Western blot from 5 x 10 6 
human naive CD4 + T cells 24 h after activation. Results are from at least three independent experiments. MM, molecular mass. 



JEM Vol. 210, No. 8 



1605 



JEM 



A 20 




scrambled DEC1 
shRNA shRNA 



B 10 1. 




0 2 4 6 

days 



□ DEC1 KO 




anti-CD3 anti-CD3 anti-CD3 anti-CD3 

anti-CD28 anti-CD28 

D ^ ]■ DEC1 WT 

□ DEC1 KO # 




Day 1 



Day 2 Day 3 Day 4 Day 5 



DEC1 wr 
DEC1 KO 






CFSE 



H 



Day 1 



Day 2 Day 3 Day 4 Day 5 



DEC1 wr 
DEC1 KO 






CFSE 



Unstimulated anti-CD3 



anti-CD3 
anti-CD28 



□ 
o 
O 




- alive 0% 

- dead 



0% 





DEC1 
KO 



Ki67- 



Unstimulated anti-CD3 



anti-CD3 
anti-CD28 



c 

o 
O 



- alive 0% 
-dead 



o% 





DEC1 
KO 



Ki67- 



12 4 6 

Days 



Days 



Figure 2. DEC1 is necessary for efficient in vitro T cell function. (A) Jurkat T cells were infected with lentivirus containing pSICO-R vectors with 
shRNA complementary to human DEC1 transcript or a scrambled shRNA. RNA was harvested, and expression of DEC! transcript was measured by quanti- 
tative real-time PCR. (B) 1 0 6 Jurkat cells previously infected with shRNA expression virus were seeded on day 0. The total number of cells in culture was 
followed for 8 d. (C) Percentage of CD69+ and CD25+ naive CD4+ T cells from DEC1 WT and DEC1 K0 mice after activation and 24 h of culture. (D) IL-2 
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2011), we analyzed the gene expression differences between 
cells activated with or without anti-CD28 co-stimulation, 
at 4 and 24 h after stimulation (not depicted). The transcrip- 
tional effect of CD28 was greater at 24 h than at 4 h, with 
4.5 times the number of CD28-regulated genes at the later 
time point (not depicted). Principal component analysis (PCA), 
a technique which reduces the dimensionality of the micro- 
array data, showed that the overall transcriptional effects of 
CD28 co-stimulation were initially modest at 4 h, becoming 
more pronounced by 24 h after T cell activation (Fig. 1 C). 
Moreover, by 24 h after activation, the cells that received anti- 
CD3 stimulation alone had an overall transcriptional profile 
similar to cells that had never been stimulated at all. Collec- 
tively, these results suggest that one important characteristic of 
CD28 co-stimulation is the stabilization of the transcriptome 
induced byTCR ligation (anti-CD3). 

IL-2 has been implicated in initiating STAT5-dependent 
signals important for the production and maintenance of 
T conv cells, regulatory T cells (T reg cells), and memory 
T cells (Dooms and Abbas, 2006; Lohr et al., 2006). Thus, we 
examined whether early induction of IL-2 could substitute 
for CD28 co-stimulation in naive T cells to generate a similar 
gene expression signature. Gene expression of five transcripts 
highly up- or down-regulated by CD28 co-stimulation was 
analyzed in human CD4 + CD45RA + T cells activated with 
anti-CD3 with or without exogenous recombinant human 
IL-2 (Fig. 1 D). In no instance did exogenous IL-2 stimu- 
lation substitute for CD28 co-stimulation in modulating 
the level of expression of these genes. The biological activ- 
ity of IL-2 used in these experiments was confirmed using 
NKL cells (not depicted), a strictly IL-2— dependent cell line 
(Robertson et al., 1996). Consistent with this observation, 
antibody-mediated CD25 blockade did not reduce the expres- 
sion of a panel of CD28-dependent transcripts 24 h after 
T cell activation with CD28 co-stimulation (Fig. 1 E). Before 
activation, an mAb (basiliximab [BSB]) was added to the cul- 
tures to efficiently block IL-2 binding to the high-affinity 
a chain of the IL-2 receptor (CD25; not depicted; Binder 
et al., 2007). These results show the limited effect of IL-2 signals 
on genes controlled by CD28 signals in the first 24 h after 
T cell activation. 

CD28 co-stimulation enhances DEC1 
expression upon T cell activation 

We set out to identify transcription factors that could be re- 
sponsible for the temporal effects of CD28 co-stimulation 
identified in the aforementioned microarray experiments. 



Among the transcripts highly dependent on CD28 co- 
stimulation at both 4 and 24 h, we identified the transcrip- 
tion factor DEC1 (not depicted). The effect of CD28 signaling 
on DEC1 transcription was validated by real-time PCR in 
human naive CD4 + T cells at various times after activation 
(Fig. 1 F). DEC! expression rapidly increased upon stimula- 
tion in a CD28-dependent manner, and the level of transcript 
increased over the initial 24 h after activation. Similar results 
were observed in mouse naive T cells (not depicted). To assess 
DEC1 protein production and potential functional activity, 
cytoplasmic and nuclear lysates were analyzed by Western 
blot at 24 h after naive T cell activation (Fig. 1 G). Although 
cytoplasmic DEC1 was equally undetectable in nonactivated 
and CD3-stimulated cells, large amounts of DEC1 were ob- 
served upon CD3 plus CD28 co-stimulation. The DEC1 
production triggered by efficient T cell activation also corre- 
lates with a higher concentration of the transcription factor 
in the nucleus. Collectively, these observations suggest that 
DEC1 may be an important early transcription factor during 
T cell activation. 

DEC1 is necessary for efficient T cell activation in vitro 

To elucidate the relevance of DEC 1 inT cell activation, Jurkat 
T cells were infected with shRNA-expressing lentiviruses 
targeting DEC1. The DEC1 shRNA, but not the control 
(scrambled) shRNA, significantly attenuated DEC1 mRNA 
expression (> 15-fold; Fig. 2 A) and reduced DEC1 protein 
levels by >40% (not depicted). In side by side culture, Jurkat 
cells infected with the shRNA against DEC1 expanded more 
slowly than the cells infected with control virus (Fig. 2 B). 
This attenuated increase in the cell number was, in part, caused 
by greater cell death in cells with diminished DEC1 expres- 
sion (not depicted). 

To further investigate the functional consequences of 
DEC1 deficiency in primary CD4 + T cell activation, naive 
CD4 + CD62L + CD25~ T ceUs from DEC1 WT (DEC1 WT ) 
and DEC 1 -deficient (DECl KO ) mice were harvested and 
activated in vitro with beads conjugated to anti-CD3 or anti- 
CD3 plus anti-CD28. The mean fluorescence intensity of 
CD25, a CD28 co-stimulation— dependent gene, was signifi- 
cantly decreased in DEC 1 -deficient T cells (Fig. 2 C). How- 
ever, there was no difference between DEC1 WT and DECl KO 
cells in up-regulation of CD69, a TCR-dependent gene. This 
observation was consistent with previous data, in which trans- 
genic overexpression of Dec 1 increased CD25 expression in 
T cells (Miyazaki et al., 2010). Differences in supernatant IL-2 
protein level between DEC1 WT and DECl KO T cell cultures 



cytokine production measured by ELISA in primary CD4 + T cells from DEC1 m and DEC1 K0 animals at 4 and 25 h after activation. (E and F) Cultured pri- 
mary DEC1 m and DEC1 K0 CD4+T cells were followed for 6 d after stimulation with anti-CD3 + anti-CD28 without (E) or with (F) 100 U/ml of recombinant 
mouse IL-2 at day 0. Viable cells were automatically counted by video imaging (Vi-CELL). Percentage of live DEC1 K0 CD4 + T cells is expressed relative to the 
DEC1 WT cells. (G and H) CFSE labeling analysis of viable DEC1 m and DEC1 K0 cells activated with anti-CD3 + anti-CD28and cultured for the indicated time 
periods without (G) or with (H) the addition of 100 U/ml IL-2 at day 0. (I and J) Representative histogram plots of Ki67 expression after 6 d of culture with 
the conditions described in G and H. Cells were cultured without (I) or with (J) the addition of 100 U/ml IL-2 at day 0. Results are from at least three inde- 
pendent experiments. Data are represented as mean ± SEM. P-values were calculated with an unpaired Student's f test: *, P < 0.05; *,P< 0.01. 
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were present at 24 h but not at 4 h after activation in vitro 
(Fig. 2 D). IL2RA and IL2 niRNA expression was also di- 
minished in DEC1 knocked down Jurkat cells (not depicted). 
Together with the decreased level of IL-2, we observed a sig- 
nificant reduction in the number of viable DECl KO T cells 
compared with WT T cells 4 d after activation in culture 
(Fig. 2 E). Similar to the observations in Jurkat cells, these 
results demonstrated that DECl KO cells display a survival de- 
fect, a proliferation defect, or both when compared with 
WT cells. To distinguish these defects, we analyzed CFSE- 
labeled DECl KO versus DEC1 WT T cells activated for 5 d 
(Fig. 2 G). Viable DECl KO T cells showed reduced cell divi- 
sion as compared with DEC1 WT cells starting 3 d after stimu- 
lation. This decreased cell division was accompanied, at day 6 
after activation, by reduced viability of DECl KO cells (39.7% 
compared with 76.7% in WT cells; Fig. 2 I). Thus, DECl KO 
cells in culture have both decreased proliferation and de- 
creased survival, consistent with the reported consequences 
of reduced IL-2. 

Next, we tested whether the addition of exogenous IL-2 
might reverse the observed survival and proliferation defects. 
dec1 ko T cells expanded similarly to DEC1 WT T cells in 
the presence of 100 U/ml IL-2 in culture (Fig. 2 F). CFSE- 
labeled DECl KO cells cultured with exogenous IL-2 showed 
identical cell division compared with WT cells (Fig. 2 H). 
Additionally, the percentage of viable and dividing DECl KO 
T cells after 6 d of culture in the presence of exogenous IL-2 
was nearly identical to WT cells (Fig. 2 J). Thus, DEC1 is neces- 
sary for optimal CD4 + T cell proliferation and survival after 
activation, and this defect can be corrected in vitro with 
exogenous IL-2. 

DEC1 deficiency protects mice from EAE 

To interrogate whether DEC1 is important for efficient CD4 + 
T cell activation in vivo in an autoimmune setting, we used 
the EAE model, a CD4 + T cell— mediated and CD28-dependent 
inflammatory disease of the central nervous system (CNS), 
which serves as an experimental model of multiple sclerosis 
(Perrin et al., 1995, 1999; Oliveira-dos-Santos et al., 1999; 
Schwartz, 2003). DEC1 WT and DECl KO mice were immu- 
nized with MOG 35 „55 peptide in CFA to induce EAE. DECl KO 
mice were completely protected from EAE (Fig. 3 A). Nota- 
bly, DEC1 heterozygous mice were partially protected from 
EAE as compared with DEC1 WT controls (Fig. 3, A and B), 
consistent with the reduced Dccl mRNA expression ob- 
served in activated T cells from these animals (not depicted) . 
Histological analysis by hematoxylin and eosin (H&E) stain- 
ing of the spinal cords from DECl KO mice showed no evi- 
dence of mononuclear cell infiltration, as compared with the 
extensive infiltrates found in the spinal cords of WT mice 
during the peak of disease (Fig. 3 C). To further investigate the 
infiltration of CD4 + T cells in the CNS, we analyzed leuko- 
cytes in spinal cord and cerebellum at day 15 after immuniza- 
tion. This analysis showed that DECl KO tissue had similar 
numbers of infiltrating CD45 hl cells as the unimmunized 
control (not depicted). Similarly, the total number of DECl KO 
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CD4 + T cells and their proportion among the CNS cells was 
similar to that in unimmunized mice and significantly re- 
duced compared with DEC1 WT mice (Fig. 3 D). EAE disease 
incidence correlated with the activation level of the CNS 
microglia and myeloid cells as measured by expression of 
MHC class II (Fig. 3 E). In addition, the capacity of infiltrat- 
ing cells to produce proinflammatory cytokines, including 
IFN-7, IL-17, and GM-CSF, was reduced in DECl KO mice 
(Fig. 3 F). Overall, these results indicate that the absence of 
clinical EAE in DEC 1 -deficient mice is associated with the 
absence of CD4 + T conv cell infiltration in the CNS. 

We next probed whether the inability of DECl KO mice 
to develop EAE was the result of an intrinsic defect in CD4 + 
T cells or whether DEC1 deficiency in non-T cells was 
affecting T cell activity indirectly. We transferred nonmanipu- 
lated DEC1 WT or DECl KO CD4 + T cells into lymphocyte- 
deficient RAG2 KO mice and then immunized the recipient 
mice with MOG 35 _ 55 peptide 7 d later. No differences in 
transferred T cell numbers were found between groups of 
animals before the immunization (not depicted). Mice that 
received DEC1 WT CD4 + T cells developed clinical EAE, 
whereas those receiving DECl KO cells were protected (Fig. 3, 
G and H). Thus, DEC1 is required in a CD4 + T cell— intrinsic 
manner for the development of EAE. 

DEC1 is required during the priming phase of EAE 

We analyzed CD4 + T cells in the periphery during the prim- 
ing phase (7 d after immunization) to better understand the 
role of DEC 1 in EAE induction. At this time point, very few 
lymphocytes have trafficked to the CNS and the MOG- 
specific response is largely confined to the lymphoid organs. 
Although no significant differences were observed when 
comparing DECl KO and DEC1 WT nonimmunized mice (not 
depicted), the total cellularity and CD4 + T cell count from 
pooled spleen and lymph nodes were reduced in immunized 
DECl KO mice as compared with control (Fig. 4, A and B). 
Peripheral CD4 + T cells were stained with MOG 3M9 -loaded 
tetramer to examine the antigen-specific population of patho- 
genic cells directly (Fig. 4 C). Although the percentages of 
activated (CD44 + ) and nonactivated (CD44'°) T cells were 
similar between the DEC1 WT and DECl KO mice, there was 
a significant reduction in the percentage of MOG-specific 
CD4 + CD44 + T cells in DECl KO mice as compared with 
DEC1 WT controls (Fig. 4 D).The percentages of T reg and 
T conv cells were measured. There were decreased numbers 
of Foxp3 + CD44 + T reg cells in DECl KO mice but no differ- 
ence in T reg cell numbers among MOG-specific cells (not 
depicted), indicating that alterations in antigen-specific T reg 
cell numbers were not responsible for the abrogation of EAE 
induction in DECl KO mice. 

CD25 expression was defective in DEC 1 -deficient T cells 
after in vitro stimulation (Fig. 2 C; Miyazaki et al., 2010). 
Thus, we evaluated whether changes in CD25 expression 
were associated with decreased in vivo T cell expansion after 
priming. The expression level of CD25 was examined in 
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Figure 3. DEC1 deficiency protects mice from EAE. EAE was induced by CFA and M0G 35 _ 55 peptide. (A and B) Clinical disease score (A) and inci- 
dence (B). Number of animals per group: WT n = 20, net n = 11, and K0 n = 18. (C) Spinal cord tissue sections were stained with H&E from DECl m 
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ric analysis of MHC class II expression in CNS-infiltrating myeloid cells and microglia cells from unprimed mice and DEC1 WT or DEC1 K0 mice at day 15 
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T reg andT conv cells 7 d after MOG immunization (Fig. 4 E). 
Although antigen nonspecific CD44 + T reg DECl KO cells 
showed a modest reduction of CD25 mean fluorescence 
intensity, both MOG antigen— specific and antigen-nonspe- 
cific activated CD4 + CD44 + Foxp3~ T conv DECl KO cells 



expressed significantly lower CD25. Proliferation of activated 
T conv cells, as measured by Ki67 nuclear protein staining, 
was decreased in DECl KO as compared with control mice 
(Fig. 4 F). However, T reg cell proliferation was intact in 
DECl KO mice. To verify the effects on the antigen-specific 
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Figure 4. DEC1 is required for efficient T cell priming during EAE. (A and B) Total eel I u larity (A) and CD4+ T cell quantification (B) from pooled 
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effector responses of the CD4 + T cells during the EAE priming 
phase, peripheral lymphocytes harvested at day 7 after im- 
munization were restimulated in vitro with MOG 35 _ 55 pep- 
tide. T cells from previously immunized DECl KO mice failed 
to proliferate or to produce IFN-7, IL-17, and GM-CSF, 



cytokines shown to be necessary for EAE pathogenesis (Fig. 4, 
G and H). Similar results were observed 15 or 25 d after 
immunization (not depicted), suggesting that the lack of 
T cell cytokine production in DECl KO mice was not caused 
by delayed response kinetics. Together, the data suggest that 
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DEC1 expression is required for optimal proliferation and 
cytokine production of T conv cells in the priming phase 
of EAE. 

Exogenous survival signals reverse in vivo 
proliferation defect of DEC1 -deficient T cells 

Previous studies have shown that the addition of IL-2 can 
restore DECl KO proliferation and survival defect in vitro. 
To examine whether in vivo administration of IL-2 could 
improve T cell expansion after MOG 35 _ 55 immunization in 
DEC 1 -deficient mice, we treated the animals with IL-2— anti— 
IL-2 mAb complexes to enhance IL-2 signaling in CD4 + 
T cells during the priming phase of EAE (Macian et al., 2002; 
Acuto et al, 2003;Boyman et al., 2006; Webster et al, 2009). 
IL-2 complex treatment at days 1, 3, and 5 after MOG 
immunization increased total lymphocyte numbers in the 
periphery of DECl KO mice at day 7 to the same levels as 
DEC1 WT mice (Fig. 5 A). Moreover, the percentages of 
MOG 38 _49 antigen— specific T cells equalized with IL-2 com- 
plex therapy between DECl KO and DEC1 WT mice (Fig. 5 B). 
We also followed the mice to examine whether enhancement 
of IL-2 signaling could induce EAE in DEC 1 -deficient mice 
(Fig. 5 C). DECl KO mice primed with MOG 35 _ 55 peptide did 
not develop EAE after IL-2 complex treatment during the 
priming phase (days 1, 3, and 5) or just before onset (days 6—8). 
To further evaluate the function of cells treated with IL-2 
during the priming phase of EAE, we restimulated T cells 
harvested at day 7 from IL-2 complex— treated animals with 
MOG 35 _ 55 peptide (Fig. 5 D). DECl KO cells did not prolifer- 
ate in response to increasing concentrations of antigen after 
in vivo IL-2 treatment. Thus, although exogenous IL-2 can 
restore the proliferation defect of DEC 1 -deficient T cells 
during the priming phase of EAE, the expanded antigen- 
specific T cells are unable to cause CNS inflammation. This 
result suggests that the protection from EAE in DECl KO mice 
is caused by a T cell— intrinsic differentiation defect altering 
pathogenicity and not by an IL-2 deficit alone. 

To further characterize the functional defects and rule 
out a cell-extrinsic effect of DEC 1 deficiency, we generated 
DECl WT /DEC KO mixed bone marrow chimeras inT cell- 
deficient mice. Genetically marked DEC1 WT and DECl KO 
T cells showed similar proliferative capacity and cell numbers 
both before and after the MOG 35 _ 55 peptide immunization 
(not depicted). Peripheral DEC1 WT and DECl KO CD4+T cells 
were analyzed for MOG 38 _ 49 tetramer staining at peak clinical 
disease (Fig. 5 E). These data show that the relative proportion 
of activated CD44 + and nonactivated CD44~ T cells was equal 
between DEC1 WT and DECl KO cells. However, there were a 
reduced percentage of DEC 1 -deficient antigen-specific cells 
(Fig. 5 F).This reduction correlated with reduced CD25 ex- 
pression in DECl KO T conv andT reg cells (Fig. 5 G). However, 
there was no difference in Ki67 staining between the DEC1 
KO and WT cells (Fig. 5 H). Collectively, these results suggest 
that in vivo, the presence of DEC1 WT cells can drive normal 
proliferation of DECl KO cells but cannot correct an intrinsic 
cell survival defect in antigen-specific DECl KO CD4 + T cells. 



DEC1 is necessary for proinflammatory cytokine 
production in the effector phase of EAE 

We sought to further investigate the intrinsic defects in 
DECl-deficient T cells. Chimeric mice had similar total 
numbers of DEC1 WT and DECl KO CD4+ T ceUs infiltrating 
the CNS during EAE (Fig. 6 A), demonstrating that DEC1 
was not required for efficient T cell trafficking to the CNS 
when the survival signals are provided by WT cells. However, 
the proportion of MOG-specific T cells was reduced among 
the DECl KO T cells in the CNS (Fig. 6 B). Next, we isolated 
mononuclear cells from the CNS of chimeric animals during 
peak of disease and analyzed cytokine production (Fig. 6 C). 
IL-2 production was decreased in DECl KO cells compared 
with DEC1 WT , supporting a role for DEC1 in directly con- 
trolling IL-2 production. The proinflammatory cytokines 
GM-CSF and IFN-*y were also reduced in DECl KO T cells. 
In contrast, IL-17 production was increased in DECl KO cells, 
indicating that these cells did not have a global cytokine pro- 
duction defect. Thus, DEC1 is necessary in aT cell— intrinsic 
manner for efficient cellular pathogenesis in EAE by control- 
ling the production of IL-2, GM-CSF, and IFN-7. 

DEC1 regulates a subset of CD28-dependent 
genes after T cell activation 

To characterize the transcriptional effects of DEC 1 deficiency, 
we used expression microarrays to generate transcriptional 
profiles of activated DEC1 WT and DECl KO T cells. Naive 
CD4 + T cells from DEC1 WT and DECl KO mice were sorted 
and activated with beads coated with anti-CD3 and anti- 
CD28. Expression microarray analysis was performed 24 h 
after activation. DEC1 WT cells showed a statistically signifi- 
cant increase in the expression of 158 genes and a reduction 
in 436 genes as compared with activated DECl KO T cells. The 
GO functional annotations of the genes differentially ex- 
pressed between DEC1 WT and DECl KO included multiple 
genes and pathways associated with processes that are highly 
regulated during T cell activation (not depicted). To further 
link the expression data with the function of DECl-dependent 
genes, we performed analysis of the functional annotations 
(Ingenuity pathways analysis [IPA]) of transcripts showing 
>1. 4-fold change between DEC1 WT and DECl KO cells dur- 
ing T cell activation (Fig. 7 A) . Among the most statistically 
significant DECl-dependent cellular functions that emerged 
from this analysis, several are directly related to T cell activa- 
tion, prohferation, survival, and differentiation. 

We next sought to assess the potential role of DEC 1 in 
mediating key CD28 signals by comparing the newly defined 
DECl-dependent transcripts with CD28 co-stimulation— 
dependent transcripts. We performed expression microarray 
analysis of DEC1 WT naive CD4 + T cells activated for 24 h 
with anti-CD3 or with anti-CD3 plus anti-CD28 antibodies 
(Fig. 7 B, top). There were 6,842 transcripts differentially reg- 
ulated in this analysis (Fig. 7 B, bottom), which was consistent 
with the CD28-dependent human signature (Fig. 1 D and 
not depicted). The correlation of the DECl-dependent sig- 
nature was highly significant with the CD28-regulated gene 
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list (P < 0.0001). 72% of the genes up-regulated by DEC1 
were also up-regulated by CD28 co-stimulation, whereas 
83% of the DEC1 down-regulated genes were again down- 
regulated by CD28 signaling (Fig. 7, C and D, top). Only a 
small set of significantly regulated genes (7%) showed expres- 
sion changes in opposite directions between DEC1 and CD28 
signatures (Fig. 7, C and D, bottom). To provide further sup- 
port to the DEC1— CD28 association, we performed a PCA 
using the defined DEC 1 -dependent genes. This analysis dem- 
onstrates that DEC 1 -regulated genes are highly differentially 
regulated in T cells activated with or without CD28 co- 
stimulation (Fig. 7 E). As expected, the DEC1 transcriptional 

1612 



signature efficiently segregated the samples based on DEC1 
expression (Fig. 7 E, blue and red). Interestingly, a set of DEC1- 
dependent genes differentiated the samples activated through 
TCR alone versus TCR plus CD28 engagement (Fig. 7 E, 
squares and circles, respectively). Collectively, these observa- 
tions suggest that the transcription factor DEC1 regulates a 
subset of the CD28-dependent genes. 

To confirm the observed microarray findings, we mea- 
sured niRNA expression of several genes in DEC1 WT and 
DECl KO mouse naive T cells (Fig. 7 F).We found a signifi- 
cant decrease in the expression of Bclxl in DECl KO cells. 
BCL-XL is a key regulator of T cell survival after activation 
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calculated with an unpaired Student's f test: *, P < 0.05. 



(Boise et al., 1995; Noel et al., 1996; Wang et al., 2012). 
DEC 1 -deficient cells show defects in 112 and H2ra gene tran- 
scription, which correlate with the lack of IL-2 production 
and CD25 expression reported here and by others (Sun et al., 
2001; Miyazaki et al., 20 10). We also found that DECl KO cells 
were defective in the transcription of cytokines involved 
in the pathogenesis of EAE, namely Ifng (IFN-7) and Csf2 
(GM-CSF). In addition, we confirmed that expression of 
these genes depends on both DEC1 and CD28 during T cell 
activation. IL-2 signaling has a well-characterized role in the 
transcriptional regulation inT cells (Jin et al., 2006). Because 
IL-2 production is decreased in DEC 1 -deficient T cells, we 
next sought to investigate the effect of IL-2 signals on the 
DEC 1 -dependent transcription. Similar to Fig. 1 F, DEC1 WT 
and DECl KO mouse naiveT cells were activated for 24 h with 
anti-CD3 and anti-CD28 in the presence of exogenous IL-2 
or anti-CD25 antibodies (Fig. 7 G). Efficient blockade of CD25 
was confirmed by phospho-STAT5 staining (not depicted). 
Although exogenous IL-2 reversed proliferation and sur- 
vival defects in DEC 1 -deficient T cells (Fig. 2 J), the expres- 
sion of a subset of DEC 1 -dependent genes was not affected 



by maximizing or repressing IL-2 signaling. Thus, these results 
support an intrinsic role for DEC1 in the transcriptional con- 
trol of genes independent of IL-2 signaling. 

DISCUSSION 

T cell co-stimulation via CD28 plays an essential role in the 
development and maintenance of T cell responses (Lenschow 
et al., 1996; Bour-Jordan et al., 2011). However, few studies 
have used global transcriptional analyses to link the CD28 
co-stimulation effects to specific transcription factors. In con- 
trast to previous expression microarray studies (Diehn et al., 
2002; Riley et al., 2002), we analyzed highly purified human 
and mouse naive T cells to avoid interference caused by the 
heterogeneous responses of various T cell subsets to CD28 
co-stimulation. We defined a conserved CD28-dependent 
expression pattern, which we contrast with the anergy-like 
transcriptional profile observed 24 h after maximal TCR sig- 
naling alone. We confirmed that CD28 co-stimulation has 
profound qualitative, and not only quantitative, effects on the 
gene expression of activated T cells and contributes to the 
stabilization and amplification of the TCR transcriptional 
effects before cell division. 

The distinct transcriptional signature found inT cells after 
CD28 co-stimulation suggests that specific transcription 
factors regulated by early CD28 signaling may be responsible 
for the temporal effect observed in the gene expression pat- 
tern. Using in silico analysis, we identified transcription fac- 
tors already known to be involved in T cell activation such 
as NFAT, c-myc, and NF-kB, which are linked to CD28 sig- 
naling through PDK1 and PKC-8 activation (Takeda et al., 
2008; Park et al., 2009). Among the predicted transcription 
factors related to the CD28 signature, we identified DEC1, 
which is a highly CD28-inducible transcript. DEC1 is thought 
to promote T reg cell survival in vivo by cooperating with 
Runxl to induce expression of CD25, which is critical for 
T reg cell survival and function (Miyazaki et al., 2010). The 
connection between DEC1 and CD28 is also supported by 
the observation that CD28 is essential in the development 
and survival ofT reg cells (Salomon et al., 2000; Bour-Jordan 
et al.,2004). 

DEC! is rapidly expressed after T cell activation, and its 
transcription is maintained over the initial 48 h in a CD28- 
dependent manner. Maximal DEC1 transcription is observed 
at 24 h after stimulation, suggesting that its regulatory func- 
tion is predominantly in the initial stages of activation. Al- 
though TCR signaling can trigger modest levels of DEC1 
expression at late stages of activation, the anergy-like tran- 
scriptional status of the cells 24 h after anti-CD3 stimula- 
tion may restrict DEC1 functions. Furthermore, we observed 
undetectable DEC1 signal in the cytoplasmic fraction in the 
absence of CD28 co-stimulation, which suggests posttran- 
scriptional regulation of DEC1 through CD28 signaling, 
a phenomenon previously observed for other transcripts 
(Ledbetter et al, 1990; Sanchez-Lockhart et al, 2004; Butte 
et al., 2012). DEC1 expression can be induced by a variety 
of stimuli in different cell types (Boudjelal et al., 1997; 



JEM Vol. 210, No. 8 



1613 



JEM 



Functions An notatioin 


Cateaorv 


D-value 


Maturation of leukocytes 


Cellular Development 


1.09E-06 


Cell death of lymphocytes 


Cell Death 


2.26E-05 


Arrest in G2/M phase transition of T lymphocytes 


Cell Cvcle 


6.23E-05 


Arrest in S phase of T lymphocytes 


Cell Cycle 


6.23E-05 


Stimulation of lymphocytes 


Cellular Growth and Proliferation 


7.99E-05 


Exposure of phospholipid 


Lipid Metabolism 


8.54E-05 


T cell development 


Cellular Development 


3.38E-04 


Apoptosis of T lymphocytes 


Cell Death 


6.59E-04 


Proliferation ofThl cells 


Cellular Growth and Proliferation 


8.71 E-04 


Proliferation of T lymphocytes 


Cellular Growth and Proliferation 


9.50E-04 


Differentiation of lymphocytes 


Cellular Development 


1.81E-03 


Bindinq of STAT bindinq site 


Gene Expression 


2.04E-03 


Activation-induced cell death of T lymphocytes 


Cell Death 


3.10E-03 


Stimulation of carbohydrates 


Carbohydrates Metabolism 


3.88E-03 


Development process of Th1 cells 


Cellular Development 


4.27E-03 


Development process of requlatory T lymphocytes 


Cellular Development 


9.92E-03 




4 6 8 10 12 

WT anti-CD3/anti-CD28 
Mean intensity expression 



COSTIM DOWNreg 




32 

,8 * 
ji 4 
1 2 

id 1 

jO 

i -2 
, c 
. to .4 

% -8 
-16 



DEC1 UP-REGULATED GENES Q DEC1 DOWN-REGULATED GENES 



p<0.0001 



-— 



32 

co16 

CM 

8 8 

3 4 







" 27.5% 

~4 6 8 10 12 16 
WT anti-CD3/anti-CD28 
Mean intensity expression 

7% 

I I COSTIM UPreg 
COSTIM unrelated 
COSTIM DOWNreg 





4 6 8 10 12 

WT anti-CD3/anti-CD28 
Mean intensity expression 
7% 



COSTIM UPreg 
□ COSTIM unrelated 
■ COSTIM DOWNreg 




DEC1 WT □ 
anti-CD3 

□ 


DEC1 WT 
anti-CD3/anti-CD28 

oo 

0 

0 pci 




DEC1 KO 
anti-CD3 

□ 

PC2 


DEC1 KO 
anti-CD3/anti-CD28 

t 



□ DEC1 WTanti-CD3 

O DEC1 WT anti-CD3/anti-CD28 

■ DEC1 KO anti-CD3 

O DEC1 KO anti-CD3/anti-CD28 



F 2500 
c 2000 

03 O H 

> !/> W 1500 

■td t» z 
"53 k 3 1000 
x ° 

O 500 



112 



60 -| 
40- 
20- 

P- 0-. 



Csf2 



3000 
2000 
1000 
0 



H2ra 



50 
40 
30 
20 
10- 
0 



Bclxl 



CD3 CD3CD28 CD3 CD3CD28 



CD3 CD3CD28 CD3 CD3CD28 



400 
300 
200 
100 
0 



Ifng ■ DEC1 WT 
□ DEC1 KO 



I 



CD3 CD3CD28 



G 1000 

c 800 

d)Or- 

> in W 600 
"S 05 ~Z. 

<D h 3 400 
C x o 
Q) 200 



112 



14 



80 
60 
40 
20 
0 



IL2 aCD25 



Csf2 




60 



40- 



20- 




■ DEC1 WT 
□ DEC1 KO 



IL2 aCD25 



IL2 aCD25 



IL2 aCD25 



IL2 aCD25 



Figure 7. Overlap in CD28- and DEC1 -dependent transcriptional profiles after T cell activation. (A) Functional analysis performed by IPA based 
on genes 1.4-fold differentially expressed between DEC1 WT and DEC1 K0 naive T cells activated with anti-CD3 plus anti-CD28 for 24 h. The significance of 
the association of the gene expression pattern with a biological function is calculated using right-tailed Fisher's exact test. (B, top) CD28 co-stimulation- 
dependent signature described as a scatter plot summarizing the gene expression differences between DEC1 WT naive T cells activated with anti-CD3 
versus anti-CD3 plus anti-CD28. (bottom) Quantification of genes significantly up- and down-regulated by the effect of CD28 signaling (P < 0.05). 
(C, top) Red dots represent significantly up-regulated genes between DEC1 WT naive T cells activated with anti-CD3 plus anti-CD28 and DEC1 K0 naive 
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Honma et al., 2002; Miyazaki et al., 2002). Microarray analy- 
sis performed in human glioblastoma cells described tran- 
scriptional regulation of DEC 1 through PI3K and MEK/ERK 
(Tullai et al., 2004), suggesting these signaling pathways as 
potential candidates linking CD28 activation and DEC1 ex- 
pression in T cells. Nevertheless, other members of the B7 
co-stimulation family could participate in the transcriptional 
regulation of DEC1 during T cell activation (Sharpe and 
Freeman, 2002). Microarray analyses performed to compare 
T cell activation with different co-stimulatory signals showed 
that ICOS and BTLA can slightly increase the expression 
of DECI at late stages of activation (Riley et al., 2002; 
Wakamatsu et al., 2013). Because ICOS and BTLA expres- 
sion is restricted to activated cells, their stimulation may com- 
plement CD28 signaling in inducing DEC1 expression in 
some T cell subsets. 

We performed gene expression analysis of DEC1 WT and 
DECl KO naive CD4 + T cells 24 h after activation. Impor- 
tantly, at this time point, there were no measurable differences 
between proliferation and survival of the DEC 1 -null cells and 
control cells, which allowed us to capture the primary effects 
of DEC 1 deficiency rather than the indirect effects. The sig- 
nificant correlation observed between the DEC1 and CD28 
transcriptional pattern suggests that DEC1 is a central tran- 
scription factor during T cell activation that regulates part of 
the specific CD28-dependent transcriptome. To evaluate the 
magnitude of DEC1 contribution to the CD28 signature, 
we tested whether DECi overexpression could substitute 
for CD28 co-stimulation in primary T cells (not depicted) . 
Although we observed an increase in the expression of CD28/ 
DECl-dependent genes and a slight improvement in cell pro- 
liferation compared with control, the overexpression of DECI 
alone did not recapitulate CD28 signaling function. Comple- 
mentary with this data, loss of DECI does not completely block 
the transcriptional response initiated by CD28 co-stimulation. 
These results imply that there may be some partial compensa- 
tion by other transcription factors involved in the CD28 tran- 
scriptional signature. Thus, DECI is necessary but not sufficient 
for the transcriptional changes induced by CD28 signaling 
in naive T cells. Interestingly, DECI has a closely related ho- 
mologue, DEC2 (BHLHE41), which has been shown to be 
necessary forTh2 differentiation, IL-2 production, and CD25 
expression in primary mouse T cells (Liu et al., 2009;Yang 
et al., 2009). Thus, it is possible that DECI and DEC2 syner- 
gize to drive IL-2 production. Further work is now underway 



to determine whether DEC2 collaborates to direct transcrip- 
tion after CD4 + T cell activation. 

Microarray analysis and DECi expression kinetics during 
T cell activation suggest that the transcriptional function of 
DECI is maximized by CD28 co-stimulation. However, be- 
cause we observed weak induction of DECi expression after 
TCR signaling, we have not ruled out a potential function for 
DECI in our experimental settings after T cell activation 
without CD28 signaling. In fact, we identify a different tran- 
scriptional pattern between DEC1 WT and DECl KO naive 
T cells after anti-CD3 stimulation (Fig. 7 E and not depicted). 
However, these differences may have limited consequences 
during in vivo T cell activation as a result of the usual pres- 
ence of CD28 ligands on antigen-presenting cells. 

The proliferation and survival defects observed in DEC1- 
deficient T cells could have been caused by direct or indirect 
effects of DECI transcriptional targets. We identified many 
DECl-dependent genes involved in cell cycle control. Inter- 
estingly, several studies have shown abundant expression of 
DECI in tumor tissue from colon, breast, stomach, lung, 
and kidney cancers (Li et al., 2003; Chakrabarti et al., 2004; 
Ivanova et al, 2005; Zheng et al, 2009). DECI has also been 
described to promote cell survival through both reducing cas- 
pase activation and increasing the transcription of antiapop- 
totic genes (Li et al, 2002, 2006; Wang et al, 2010). Thus, 
DECI may play a role in cell proliferation and survival in 
many cell types, including T cells. We observed an improve- 
ment in T cell expansion in vivo and in vitro after supplying 
survival signals to DECI -deficient cells. Therefore, DECI 
may also support T cell proliferation and survival by enhanc- 
ing IL-2 signaling. 

We showed that IL-2 cannot substitute for CD28 co- 
stimulation under our in vitro activation conditions. Similarly, 
we also demonstrated that the reduced IL-2 signaling in 
DECI -deficient cells did not interfere with DECl-dependent 
transcriptional regulation. Furthermore, DECI functioned in 
a cell-intrinsic manner to promote CD4 + T cell effector func- 
tion and clinical disease in the highly CD28-dependent EAE 
model (Perrin et al., 1995, 1999; Oliveira-dos-Santos et al., 
1999). The analysis of CNS-infiltrating T cells revealed de- 
creases in EAE-mediated cytokine production by DECl KO 
T cells, in particular IL-2, IFN-7, and GM-CSF but not IL-17 
(Petermann and Korn, 2011). Interestingly, although defi- 
ciency of GM-CSF has been shown to induce complete re- 
sistance to the induction of EAE, the expression of only 



T cells activated with anti-CD3 plus anti-CD28. (bottom) Pie graph indicates the percentage of a set of DEC1 up-regulated genes whose expression was 
regulated by CD28 co-stimulation, in the direction indicated. (D, top) Green dots represent significantly down-regulated genes between DECI m naive 
T cells activated with anti-CD3 plus anti-CD28 and DEC1 K0 naive T cells activated with anti-CD3 plus anti-CD28. (bottom) Pie graph indicates the percent- 
age of a set of DECI down-regulated genes whose expression was regulated by CD28 co-stimulation, in the direction indicated. P-values were calculated 
by x 2 test. (E) PCA of DEC1 -dependent genes in DEC1 m and DEC1 K0 naive T cells activated with anti-CD3 alone or anti-CD3 plus anti-CD28 at 24 h. The 
DECI -regulated genes include genes differentially expressed between CD28-co-stimulated DECI WT and DEC1 K0 T cells (594 genes; P < 0.05). Each dot 
represents a sample, which is colored and shaped according to activation parameters. The combination of PCI and PC2 summarizes 84°/o of the dataset 
variation. (F) mRNA expression of the indicated genes at 24 h after activation of DECI m and DECI K0 naive T cells with anti-CD3 alone or anti-CD3 plus 
anti-CD28. (G) Gene expression analysis as in F with or without 100 U/ml of recombinant IL-2 or 25 ug/ml anti-CD25. Results are from at least three in- 
dependent experiments. Data are represented as mean + SEM. 
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IFN-7 or IL-17 by T cells is not enough to induce CNS 
infiltration and disease (Chu et al., 2000; McQualter et aL, 2001; 
Haak et aL, 2009).The inability of DECl KO T cells to produce 
GM-CSF is likely responsible for their inability to activate 
CNS-resident innate immune cells required for EAE patho- 
genesis (Ponomarev et aL, 2007; Codarri et aL, 2011). Thus, 
DEC1 is necessary for efficient autoreactive T cell responses 
by supporting T cell proliferation after antigen encounter and 
promoting proinflammatory cytokine production in a cell- 
intrinsic manner. 

MATERIALS AND METHODS 

Human samples. Informed written consent from healthy blood donors 
was obtained in accordance with the reviewed and approved policies and 
procedures at the University of California, San Francisco (UCSF). Ethics ap- 
proval was granted by the UCSF Institutional Review Board (approval 
number H7023-22712-08). Whole blood was obtained via venipuncture 
from healthy adult volunteers (males, age range 19—29 yr). Blood was col- 
lected in sodium heparin— containing Vacutainer tubes (BD). Peripheral blood 
mononuclear cells were isolated by using Ficoll-Paque PLUS (GE Healthcare) 
as previously described (Putnam et aL, 2009). 

Mice. DECl KO mice on a pure C57BL/6 background (from the Jackson 
Laboratory) were all derived from the mouse line described in Jiang et al. 
(2008). Mice were bred and housed in a specific pathogen— free barrier fa- 
cility at the UCSF or at the National Institute on Aging at the Johns Hopkins 
Bayview Campus in Baltimore, MD. All animal experiments were approved by 
the UCSF Animal Care and Use Committee (approval number AN082188-01). 
All of the experiments were conducted comparing DECl^ 1 and DECl KO 
littermate mice with rare exceptions, in which we used DECl 1 ^ controls 
from the Jackson Laboratory No differences were observed intra-experiment 
between control mice bred in our facility and mice from outside sources. 
RAG KO and TCRA KO mice on pure C57BL/ 6 background were obtained 
from the Jackson Laboratory. 

Isolation and activation of naive T cells. For the human microarray 
analysis, CD4 + CD45RA + T cells were isolated on a FACSAria II cell sorter 
(BD). Purity of the sorted population was >99%. These cells were then 
seeded into wells of a 12-well plate at a density of 10 6 cells per ml of RMPI- 
1640 supplemented with 5% human heat-inactivated pooled AB serum 
(Valley Biomedical). The cells were activated with latex beads conjugated 
to control antibody (clone MPC-11;BD) or antibodies specific for anti-CD3 
(clone OKT3) or to both anti-CD3 and anti-CD28 (clone 9.3). For other 
in vitro experiments, human CD4 + CD45RA + T cells were isolated with 
a RoboSep (STEMCELL Technologies) and the human naive T cell en- 
richment kit (STEMCELL Technologies). This method consistently gave 
purities of >95% CD4 + CD45RA + cells. The cells were then activated on 
12-well plates seeded the previous night with anti-CD3 or anti-CD3 and 
anti-CD28 at 1 ug/ml (anti-CD3) or 10 ug/ml (anti-CD28) in PBS. For iso- 
lation of mouse naive T cells, CD4 + CD25~CD62L + cells were sorted ac- 
cording to the same methodology as human T cells. For in vitro activation 
experiments, cells were resuspended in DMEM supplemented with 10% 
FBS, glutamine, Hepes buffer, 0.1% p-mercaptoethanol, nonessential amino 
acids, and antibiotics. The cells were activated in plates precoated with 1 ug/ml 
anti-CD3 (clone 145-2C11) and 1 ug/ml anti-CD28 (clone PV1) or using a 
T Cell Activation/Expansion kit (Miltenyi Biotec). Dead cells were analyzed 
by staining with LIVE/DEAD Fixable Violet kit (Invitrogen) according to 
the manufacturer's instructions. 

IL-2 signaling inhibition. For human T cell cultures, the concentration of 
BSB (Simulect; Novartis) was 25 ug/ml. Alternatively, recombinant human 
IL-2 (Proleukin; Chiron Therapeutics) was added at 100 U/ml. BSB was a 
gift from F. Vincenti (UCSF). Confirmation of BSB blocking of CD25 
was performed with a competing mAb labeled "A" (clone 2A3; BD) and a 
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noncompeting mAb labeled "B" {clone MA251; BD). For mouse IL-2RA 
blocking, anti-CD25 was added at 25 ug/ml (clone PC61), and efficiency 
was assessed by phospho-STAT5 staining. 

RNA preparation and microarray analysis. RNA samples for micro- 
array were prepared via TRIzol extraction, and the quantity, purity, and in- 
tegrity of the samples were measured with a NanoDrop and a Bioanalyzer. 
The samples were then reverse transcribed and amplified before hybrid- 
ization to Affymetrix human U133 Plus 2 microarrays or to Affymetrix 
mouse Gene 1.0 ST array Hybridization and data collection were performed 
by the Genome Core of the J. David Gladstone Institutes. RNA samples for 
quantitative real-time PCR analysis were extracted using the RNeasy kit 
(QIAGEN) using the manufacturer's recommended protocol. All microarray 
data discussed in this publication have been deposited in NCBI's GEO data- 
base (GEO series accession no. GSE39596; human microarray accession 
no. GSE39594; mouse microarray accession no. GSE39595). 

Microarray data analysis. Microarray image files were visually inspected 
by using the BioConductor package for R. Files with visible artifacts were 
excluded from the analysis. Data were normalized by using Genespring 
GX 10.0.2 software (Agilent Technologies) with GCRMA. Statistical signifi- 
cance of differential expression was calculated using ANOVA followed 
by Benjamini Hochberg FDR (false discovery rate), with a cut-off of P < 
0.05. PCA was performed with MultiExperiment Viewer version 4.5 
software to provide a global view of how the sample groups were related. 
The functional analysis was completed by loading the microarray datasets 
into IPA software (Ingenuity Systems). Transcription factor prediction 
analysis was performed using GeneGo (Thomson Reuters) with the software- 
predefined settings. 

Quantitative real-time PCR. Reverse transcription of RNA samples and 
quantitative real-time PCR were performed as previously described (Esensten 
et al., 2009).TaqMan primer probes (Applied Biosystems) used for human ex- 
periments were IL-2 (Hs99999150_ml), BHLHE40 (Hs00186419_ml), CD25 
(Hs00907777_ml), BCLXL (Hs99999146_ml), NR4A3 (Hs00545009_gl), 
SGPP2 (Hs00544786_ml),TNFRSF9 (Hs00155512_ml), TNFRSF14 
(Hs00542476_gl),UHRFl (Hs00273589_ml), CSF2 (Hs00929873_ml), 
and ZBTB20 (Hs00210321_ml); and for mouse experiments were Bhlhe40 
(Mm00478593_ml),Cd25 (Mm00434261_ml),Nr4a3 (Mm0135401 l_ml), 
112 (Mm99999222_ml), Ifhg (Mm00801778_ml), Zbtb20 (Mm00457765_ 
ml),Bclxl (Mm00437783_ml),and csf2 (Mm01290062_ml). 

DNA cloning and lentivirus production. Lentivirus encoding an 
shRNA specific for hBHLHE40 (pSICO-R-502) was produced by using 
the pSICO-R vector (provided by M.T McManus, UCSF). Empty vectors 
were cut with Xhol and Hpal. The following primers were then annealed 
and ligated into the cut vector: forward, 5'-TGCATGTGAAAGCACT- 
AACATTCAAGAGATGTTAGTGCTTTCACATGCTTTTTTC-3 ' ; and 
reverse, 5'-TCGAGAAAAAAGCATGTGAAAGCACTAACATCTCT- 
TGAATGTTAGTGCTTTCACATGCA-3'. For the control scrambled 
shRNA (pSICO-R-SCRM), the following primers were used: forward, 
5'-TTCATCGAGTATTATTCCTATTCAAGAGATAGGAATAATACTC- 
GATGATTTTTTC-3 ' ; and reverse, 5 ' -TCGAGAAAAAATCATCGAGTAT- 
TATTCCTATCTCTTGAATAGGAATAATACTCGATGAA-3'. Lentivirus 
was produced in HEK 293 cells using psPAX2 and pCMV-VSV-G. Jurkat 
T cells were infected by mixing viral supernatant with Jurkat cells resuspended 
in RPMI-1640 plus 5% FCS at a concentration of 10 6 per ml. 

Jurkat activation. Jurkat T cells (a gift from J. Roose, UCSF) were infected 
with pSICO-R lentivirus by mixing viral supernatant with Jurkat cells resus- 
pended in RMPI-1640 plus 5% FBS at a 1:1 ratio. After 48 h, productive 
infection was confirmed by GFP expression. The Jurkat cells were activated 
with plate-bound antd-CD3 (clone OKT3) or anti-CD3 and anti-CD28 
(clone 9.3). 1 ug/ml anti-CD3 with or without 10 (.Lg/ml anti-CD28 in PBS 
was put into wells of 12- or 6-well plates. The next day, the wells were washed 
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three times with PBS, and Jurkat cells were seeded at a density of 10 6 cells per 
ml of RPMI-1640 supplemented with 5% FCS, glutamine, penicillin, and 
streptomycin. Cell surface staining with fluorochrome-conjugated antibodies 
was performed as detailed above for primary human cells. Dead cells were 
excluded by staining with 7-aminoactinomycin D (BD) according to the 
manufacturer's instructions. 

Western blot analysis. 5 x 10 6 human naive T cells were isolated and cul- 
tured for 24 h with different activation conditions. Total cell lysis and ex- 
traction of separate cytoplasmic and nuclear protein fractions were performed 
as described by the manufactures (NE-PER Nuclear Protein Extraction 
kit; Thermo Fisher Scientific). For each sample, the same number of cells 
was analyzed with an anti-DECl polyclonal antibody (A300-649A; Bethyl 
Laboratories, Inc.) 

EAE/restimulation. EAE was induced by injecting 200 u.g MOG 35 _55 
peptide (Genemed Synthesis) emulsified in CFA ( Sigma- Aldrich) subcutane- 
ously at three locations on the back of each mouse. Intraperitoneal injection 
of pertussis toxin (400 ng per dose; List Biological Laboratories) was admin- 
istered to each mouse on the day of immunization and on day 2 after immu- 
nization. Clinical scores were assessed every 2 d, according to the following 
criteria: 1, weak tail or weak hind limb; 2, weak tail and weak hind limb; 3, 
partial hind limb paralysis; 4, complete hind limb paralysis; and 5, moribund. 
For restimulation experiments, splenocytes and lymph node cells derived 
from mice immunized with MOG-CFA were harvested and stimulated in 
vitro with different concentrations of the MOG 35 _ 55 peptide from 7, 15, or 25 d 
after initial immunization. Culture supernatants were collected 48 h later and 
evaluated for IFN-7 and IL-17A production by ELISA. 

MOG 38 _49 tetramer staining. Splenocytes and lymph node cells derived 
from mice immunized with MOG-CFA were harvested and stained with 
MOG 38 _4 9 -APC tetramer for 2 h at room temperature (National Institutes of 
Health Tetramer Facility). Before further antibody staining, tetramer-positive 
cells were enriched using anti-APC microbeads and MACS LS separation 
columns (Miltenyi Biotec) as previously described (Moon et al., 2009). The same 
protocol was used to stain CNS-infiltrating cells but without the microbead 
enrichment step. 

CNS cytokine staining. CNS-infiltrating cells were stimulated for 2.5 h 
with phorbol 12-myristate 13-acetate and ionomycin in the presence on 
GolgiStop (BD).Then cells were stained for surface molecules, fixed, and 
made permeable with a Cytofix/Cytoperm kit (BD) and stained with the 
following antibodies: mouse GM-CSF (MP1-22E9; BD), mouse IL-17A 
(17B7; eBioscience), mouse IFN-7 (XMG1.2; BioLegend), and mouse IL-2 
(JES6-5H4; eBioscience). 

ELISA. For the IFN-7 ELISA, 96-well MaxiSorp Nunc-Immuno plates 
(Thermo Fisher Scientific) were coated with 2 u.g/ml anti— IFN-7 antibody 
(clone R4-6A2; BD). Plates were blocked with PBS-2% BSA. Supernatant 
samples and standards were added, and cytokine was detected with 1 u.g/ml 
biotinylated anti-IFN-7 (clone XMG1. 2; BioLegend) and 1.25 ug/ml HRP- 
streptavidin (Invitrogen). Washing between all steps was performed with PBS 
0.05% Tween-20. Plates were developed withTMB" 1 " Substrate-Chromogen 
(Dako), stopped with IN HC1, and read at 450 nm, according to the manu- 
facturer's instructions. For IL-17A and IL-2 ELISA, the same protocol was 
used, except plates were coated with 2 p.g/ml anti-IL17A antibody (clone 
17CK15A5; eBioscience) or 1 jag/ml anti— IL-2 antibody (clone JES6-1A12; 
eBioscience) and blocked with PBS— 5% FCS, and cytokine was detected with 
1 |„Lg/ml biotinylated anti— IL-17A (clone 17B7; eBioscience) or 0.5 p.g/ml 
biotinylated anti— IL-2 (clone JES6-5H4; eBioscience). 

IL-2 complex. IL-2— anti— IL-2 inAb (JES6-1) complexes were prepared as 
previously described (Boyman et al., 2006; Webster et al., 2009). Mice immu- 
nized for EAE received an intraperitoneal injection of 5 u.g of recombinant 
mouse IL-2 (eBioscience) complexed with 50 u.g anti— IL-2 (clone JES6-1A12; 
eBioscience) at 37°C for 15 min on days 1, 3, and 5 or days 6—8. 



We thank W. Lui, A. Putnam, D. Gumbiner, M. Lee, S. Jiang, and A. Villalta for 
technical assistance. We thank Dr. C.S. Barker of the Genomics Core of the J. David 
Gladstone Institutes for assistance with the microarray experiments. We thank 
the National Institutes of Health Tetramer Core Facility for providing the 
M0G 3a _ 49 tetramer. 

This research was supported by US National Institutes of Health (NIH) grants 
P01 AI35297 and R37 AI46643 to J.A. Bluestone and P30 DK63720 for core support. 
This research was also supported, in part, by the Intramural Research Program of 
the National Institute on Aging (NIH), the Spanish Ministry of Science and 
Education EX2009-0538, and the University of California, San Francisco Medical 
Scientist Training Program. 

The authors declare no competing financial interests. 

Submitted: 24 October 2012 
Accepted: 19 June 2013 

REFERENCES 

Acuto, O., and F. Michel. 2003. CD28-mediated co -stimulation: a quantita- 
tive support forTCR signalling. Nat. Rev. Immunol. 3:939—951. http:// 
dx.doi.org/10.1038/nril248 

Acuto, O., S. Mise-Omata, G. Mangino, and E Michel. 2003. Molecular mod- 
ifiers of T cell antigen receptor triggering threshold: the mechanism of 
CD28 costimulatory receptor. Immunol. Rev. 192:21—31. http://dx.doi 
.org/10.1034/j.l600-065X.2003.00034.x 

Amyes, E., A.J. McMichael, and M.F. Callan. 2005. Human CD4+ T cells are 
predominantly distributed among six pheno typically and functionally 
distinct subsets. J. Immunol. 175:5765—5773. 

Binder, M., F.N.Vogtle, S. Michelfelder, F. Miiller, G. Illerhaus, S. Sundararajan, 
R. Mertelsmann, and M. Trepel. 2007. Identification of their epitope 
reveals the structural basis for the mechanism of action of the immuno- 
suppressive antibodies basiliximab and daclizumab. Cancer Res. 67:3518— 
3523. http://dx.doi.org/10.1158/0008-5472.CAN-06-3919 

Boise, L.H., A.J. Minn, P.J. Noel, C.H.June, M.A. Accavitti,T. Lindsten, and 
C.B.Thompson. 1995. CD28 costimulation can promote T cell survival 
by enhancing the expression of Bcl-XL. Immunity. 3:87—98. http:// 
dx.doi.org/10.1016/1074-7613(95)90161-2 

Boudjelal, M., R.Taneja, S. Matsubara, P. Bouillet, P. Dolle, and P. Chambon. 
1997. Overexpression of Stral3, a novel retinoic acid-inducible gene 
of the basic helix-loop-helix family, inhibits mesodermal and promotes 
neuronal differentiation of P19 cells. Genes Dev. 11:2052—2065. http:// 
dx.doi.org/10.1101/gad.ll. 16.2052 

Bour-Jordan, H., B.L. Salomon, H.L.Thompson, G.L. Szot, M.R. Bernhard, 
and J.A. Bluestone. 2004. Costimulation controls diabetes by alter- 
ing the balance of pathogenic and regulatory T cells. J. Clin. Invest. 
114:979-987. 

Bour-Jordan, H., J.H. Esensten, M. Martinez-Llordella, C. Penaranda, M. 
Stumpf, and J.A. Bluestone. 2011. Intrinsic and extrinsic control of pe- 
ripheral T-cell tolerance by costimulatory molecules of the CD28/B7 
family. Immunol. Rev. 241:180-205. http://dx.doi.org/10. 1111/j. 1600- 
065X.201 1.0101 1.x 

Boyman, O., M. Kovar, M.P. Rubinstein, CD. Surh, and J. Sprent. 2006. Selective 
stimulation of T cell subsets with antibody-cytokine immune complexes. 
Science. 311:1924-1927. http://dx.doi.org/10.1126/science.1122927 

Butte, M.J., S.J. Lee, J. Jesneck, M.E. Keir, WN. Haining, and A.H. Sharpe. 
2012. CD28 costimulation regulates genome-wide effects on alterna- 
tive splicing. PLoS ONE. 7:e40032. http://dx.doi.org/10.1371/journal 
.pone.0040032 

Chakrabarti, J., H.Turley, L. Campo, C. Han, A.L. Harris, K.C. Gatter, and S.B. 
Fox. 2004. The transcription factor DEC1 (stral3, SHARP2) is associated 
with the hypoxic response and high tumour grade in human breast cancers. 
By. J. Cancer. 91:954-958. http://dx.doi.org/10.1038/sj.bjc.6602059 

Chu, C.Q., S.Wittmer, and D.K. Dalton. 2000. Failure to suppress the expan- 
sion of the activated CD4T cell population in interferon 7— deficient mice 
leads to exacerbation of experimental autoimmune encephalomyelitis. 
J. Exp. Med. 192:123-128. http://dx.doi.Org/10.1084/jem.192.l.123 

Codarri, L., G. Gyulveszi,V Tosevski, L. Hesske,A. Fontana, L. Magnenat,T. 
Suter, and B. Becher. 2011. ROR"yt drives production of the cytokine 
GM-CSF in helper T cells, which is essential for the effector phase of 



JEM Vol. 210, No. 8 



1617 



JEM 



autoimmune neuroinflamniation. Nat. Immunol. 12:560—567. http:// 
dx.doi.org/10.1038/ni.2027 

Diehn, M., A.A. Alizadeh, O.J. Rando, C.L. Liu, K. Stankunas, D. Botstein, 
G.R. Crabtree, and P.O. Brown. 2002. Genomic expression programs 
and the integration of the CD28 costimulatory signal in T cell acti- 
vation. Proc. Nati.Acad. Sci. USA. 99:11796-11801. http://dx.doi.org/ 
10.1073/pnas.092284399 

Dooms, H., and A.K. Abbas. 2006. Control of CD4+ T-cell memory by 
cytokines and costimulators. Immunol. Rev. 211:23—38. http://dx.doi 
.org/10.111 l/j.0105-2896.2006.00387.x 

Ellisen, L.W., R.E. Palmer, R.G. Maki,VB.Truong, P.TamayoJ.D. Oliner, and 
D.A. Haber. 2001. Cascades of transcriptional induction during human 
lymphocyte activation. Eur. J. Cell Biol. 80:321—328. http://dx.doi 
.org/10.1078/0171-9335-00162 

EsenstenJ.H., M.R. Lee, L.H. Glimcher, and J.A. Bluestone. 2009.T-bet- 
delicient NOD mice are protected from diabetes due to defects in both 
T cell and innate immune system function. J Immunol. 183:75—82. http:// 
dx.doi.org/10.4049/jimmunol.0804154 

Haak, S., A.L. Croxford, K. Kreymborg, EL. Heppner, S. Pouly, B. Becher, and 
A.Waisman. 2009. IL-17A and IL-17F do not contribute vitally to auto- 
immune neuro-infl animation in mice. J. Clin. Invest. 119:61—69. 

Honma, S., T. Kawamoto, Y. Takagi, K. Fujimoto, E Sato, M. Noshiro, 
Y. Kato, and K. Honma. 2002. Decl and Dec2 are regulators of the 
mammalian molecular clock. Nature. 419:841—844. http://dx.doi.org/ 
10.1038/nature()1123 

Iizuka, K., and Y. Horikawa. 2008. Regulation of lipogenesis via BHLHB2/ 
DEC1 and ChREBP feedback looping. Biochem. Biophys. Res. Commun. 
374:95-100. http://dx.doi.Org/10.1016/j.bbrc.2008.06.101 

Ivanova, A., S.Y. Liao, M.I. Lerman, S. Ivanov, and E.J. Stanbridge. 2005. 
STRA13 expression and subcellular localisation in normal and tumour 
tissues: implications for use as a diagnostic and differentiation marker. 
J. Med. Genet. 42:565-576. http://dx.doi.org/10.1136/jmg.2004.029835 

Jain, J., EG. McCaffrey, Z. Miner, T.K. Kerppola, J.N. Lambert, G.L.Verdine, 
T. Curran, and A. Rao. 1 993 . The T-cell transcription factor NFATp is a 
substrate for calcineurin and interacts with Fos and Jun. Nature. 365:352— 
355. http://dx.doi.org/10.1038/365352a0 

Jiang, X., F.Tian,Y. Du, N.G. Copeland, N.A.Jenkins, L.Tessarollo, X.Wu, H. 
Pan, X.Z. Hu, K. Xu, et al. 2008. BHLHB2 controls Bdnf promoter 4 
activity and neuronal excitability. J. Neurosci. 28:1118—1130. http://dx 
.doi.org/10.1523/JNEUROSCI.2262-07.2008 

Jin, P., E.Wang, M. Provenzano, S. Deola, S. Selleri, J. Ren, S.Voiculescu, D. 
Stroncek, M.C. Panelli, and EM. Marincola. 2006. Molecular signatures 
induced by interleukin-2 on peripheral blood mononuclear cells andT cell 
subsets. J, Transl Med. 4:26. http://dx.doi.Org/10.l 186/1479-5876-4-26 

Kempiak, S.J.,T.S. Hiura, and A.E. Nel. 1999. The Jun kinase cascade is re- 
sponsible for activating the CD28 response element of the IL-2 pro- 
moter: proof of cross-talk with the I kappa B kinase cascade. J. Immunol. 
162:3176-3187. 

Kon, N.,T. Hirota,T. Kawamoto, Y. Kato, T. Tsubota, andY. Fukada. 2008. 
Activation of TGF-beta/activin signalling resets the circadian clock 
through rapid induction of Decl transcripts. Nat. Cell Biol. 10:1463— 
1469. http://dx.doi.org/10.1038/ncbl806 

Kontgen, E, R.J. Grumont, A. Strasser, D. Metcalf, R. Li, D. Tarlinton, 
and S. Gerondakis. 1995. Mice lacking the c-rel proto-oncogene exhibit 
defects in lymphocyte proliferation, humoral immunity, and interleu- 
kin-2 expression. Genes Dev. 9:1965—1977. http://dx.doi.org/10.1101/ 
gad.9.16.1965 

Ledbetter, J.A., J.B. Imboden, G.L. Schieven, L.S. Grosmaire, P.S. 
Rabinovitch, T. Lindsten, OB. Thompson, and OH. June. 1990. 
CD28 ligation in T-cell activation: evidence for two signal transduction 
pathways. Blood. 75:1531-1539. 

Lenschow, D.J.,T.L. Walunas, and J.A. Bluestone. 1996. CD28/B7 system of 
T cell costimulation. Annu. Rev. Immunol. 14:233—258. http://dx.doi 
.org/ 10. 1 1 46/annurev.immunol. 1 4. 1 .233 

Li, Y. , H. Zhang, M. Xie, M. Hu, S. Ge, D. Yang, Y. Wan, and B.Yan. 2002. 
Abundant expression of Decl/stral3/sharp2 in colon carcinoma: its an- 
tagonizing role in serum deprivation-induced apoptosis and selective in- 
hibition of procaspase activation. Biochem. J. 367:413—422. http://dx.doi 
.org/10.1042/BJ20020514 

1618 



Li, Y, M. Xie, X. Song, S. Gragen, K. Sachdeva, Y. Wan, and B.Yan. 2003. 
DEC1 negatively regulates the expression of DEC2 through binding to 
the E-box in the proximal promoter.J. Biol. Chem. 278:16899—16907. 
http://dx.doi.org/10.1074/jbc.M300596200 

Li,Y, M. Xie, J.Yang, D.Yang, R. Deng,Y.Wan, and B.Yan. 2006. The expres- 
sion of antiapoptotic protein survivin is transcriptionally upregulated 
by DEC1 primarily through multiple spl binding sites in the proximal 
promoter. Oncogene. 25:3296—3306. http://dx.doi.org/10.1038/sj.onc 
.1209363 

Linsley, P.S., and S.G. Nadler. 2009. The clinical utility of inhibiting CD28- 
mediated costimulation. Immunol. Rev. 229:307—321. http://dx.doi 
.org/10.1111/j.l600-065X.2009.00780.x 

Liu, Z., Z. Li, K. Mao, J. Zou, Y. Wang, Z. Tao, G. Lin, L. Tian, Y. Ji, 
X. Wu, et al. 2009. Dec2 promotes Th2 cell differentiation by en- 
hancing IL-2R signaling. J. Immunol. 183:6320—6329. http://dx.doi 
.org/10.4049/jimmunol.0900975 

Lohr, J., B. Knoechel, and A.K. Abbas. 2006. Regulatory T cells in the 
periphery. Immunol. Rev. 212:149—162. http://dx.doi.org/10.llll/ 
j.0105-2896.2006.00414.x 

Macian, E, F. Garcia-Cozar, S.H. Im, H.E Horton, M.C. Byrne, and A. Rao. 
2002. Transcriptional mechanisms underlying lymphocyte tolerance. Cell. 
109:719-731. http://dx.doi.org/10.1016/S0092-8674(02)00767-5 

Marinan, B., A. Costanzo, V Marzano, E. Piccolella, and L. Tuosto. 2004. 
CD28 delivers a unique signal leading to the selective recruitment of 
RelA and p52 NF-kappaB subunits on IL-8 and Bcl-xL gene pro- 
moters. Proc. Nati.Acad. Sci. USA. 101:6098-6103. http://dx.doi.org/ 
10.1073/pnas.0308688101 

McQualter, J.L, R. Darwiche, C. Ewing, M. Onuki,T.W Kay, J.A. Hamilton, 
H.H. Reid, and CO Bernard. 2001. Granulocyte macrophage colony- 
stimulating factor:A new putative therapeutic target in multiple sclerosis. 
J. Exp. Med. 194:873-882. http://dx.doi.Org/10.1084/jem.194.7.873 

Miyazaki, K., T. Kawamoto, K. Tanimoto, M. Nishiyama, H. Honda, and 
Y. Kato. 2002. Identification of functional hypoxia response elements 
in the promoter region of the DEC1 and DEC2 genes. J. Biol. Chem. 
277:47014-47021. http://dx.doi.org/10.1074/jbc.M204938200 

Miyazaki, K., M. Miyazaki, Y. Guo, N. Yamasaki, M. Kanno, Z. Honda, H. 
Oda, H. Kawamoto, and H. Honda. 2010. The role of the basic helix- 
loop-helix transcription factor Decl in the regulatory T cells. J. Immunol. 
185:7330-7339. http://dx.doi.org/10.4049/jinimunol.1001381 

Moon, J.J. , H.H. Chu,J. Hataye, A.J. Pagan, M. Pepper, J.B. McLachlan, 
T. Zell, and M.K.Jenkins. 2009. Tracking epitope-specific T cells. Nat. 
Protoc. 4:565-581. http://dx.doi.org/10.1038/nprot.2009-9 

Noel, PJ., L.H. BoiseJ.M. Green, and C.B.Thompson. 1996. CD28 costimu- 
lation prevents cell death during primary T cell activation. J. Immunol. 
157:636-642. 

Oliveira-dos-Santos, A.J., A. Ho, Y. Tada, J.J. Lafaille, S. Tonegawa, T.W. 
Mak, and J.M. Penninger. 1999. CD28 costimulation is crucial for 
the development of spontaneous autoimmune encephalomyelitis. J. 
Immunol. 162:4490-4495. 

Park, S.G.J. Schulze-Luehrman, M.S. Hayden, N. Hashimoto, W. Ogawa, M. 
Kasuga, and S. Ghosh. 2009. The kinase PDK1 integrates T cell anti- 
gen receptor and CD28 coreceptor signaling to induce NF-kappaB and 
activate T cells. Nat. Immunol. 10:158-166. http://dx.doi.org/10.1038/ 
ni.1687 

Perrin, P.J., D. Scott, L. Quigley, P.S. Albert, O. Feder, G.S. Gray, R. Abe, 
OH. June, and M.K. Racke. 1995. Role of B7:CD28/CTLA-4 in the 
induction of chronic relapsing experimental allergic encephalomyelitis. 
J. Immunol. 154:1481-1490. 

Perrin, P.J., OH. June, J.H. Maldonado, R.B. Ratts, and M.K. Racke. 
1999. Blockade of CD28 during in vitro activation of encephalitogenic 
T cells or after disease onset ameliorates experimental autoimmune en- 
cephalomyelitis. J. Immunol. 163:1704—1710. 

Petermann, F., and T. Korn. 2011. Cytokines and effector T cell subsets 
causing autoimmune CNS disease. FEBS Lett. 585:3747—3757. http:// 
dx.doi.org/10.1016/j.febslet.2011.03.064 

Ponomarev, E.D., L.P. Shriver, K. Maresz, J. Pedras-Vasconcelos, D. 
Verthelyi, and B.N. Dittel. 2007. GM-CSF production by autoreactive 
T cells is required for the activation of microglial cells and the onset of 
experimental autoimmune encephalomyelitis. J. Immunol. 178:39—48. 

DEC1 mediates T cell activation [ Martinez-Llordella et al. 



Article 



Putnam, A.L., T.M. Brusko, M.R. Lee, W. Liu, G.L. Szot, T. Ghosh, M.A. 
Atkinson, and J. A. Bluestone. 2009. Expansion of human regulatory T-cells 
from patients with type 1 diabetes. Diabetes. 58:652— 662. http:/ / dx.doi 
.org/10.2337/db08-1168 

Radich, J.P., M. Mao, S. Stepaniants, M. Biery, J. Castle, T. Ward, G. 
Schimmack, S. Kobayashi, M. Carleton, J. Lampe, and P.S. Linsley. 
2004. Individual-specific variation of gene expression in peripheral 
blood leukocytes. Genomics. 83:980-988. http://dx.doi.org/10.1016/ 
j.ygeno.2003.12.013 

Rao, S., S. Gerondakis, D. Woltring, and M.F. Shannon. 2003. c-Rel is re- 
quired for chromatin remodeling across the IL-2 gene promoter. 
J. Immunol. 170:3724-3731. 

Riley, J.L., M. Mao, S. Kobayashi, M. Biery, J. Burchard, G. Cavet, B.P Gregson, 
C.H.June, and PS. Linsley. 2002. Modulation of TCR-induced tran- 
scriptional profiles by ligation of CD28, ICOS, and CTLA-4 receptors. 
Proc. Natl. Acad. Sci. USA. 99:11790-11795. http://dx.doi.org/10.1073/ 
pnas. 162359999 

Robertson, M.J., KJ. Cochran, C. Cameron, J.M. Le, R. Tantravahi, and J. 
Pdtz. 1996. Characterization of a cell line, NKL, derived from an aggres- 
sive human natural killer cell leukemia. Exp. Hematol. 24:406—415. 

Rossner, M.J., H. Oster, S.P Wichert, L. Remecke, M.C.WehrJ. Reinecke, G. 
Eichele, R.Taneja, and K.A. Nave. 2008. Disturbed clockwork resetting 
in Sharp-1 and Sharp-2 single and double mutant mice. PLoS ONE. 
3:e2762. http://dx.doi.org/10.1371/journal.pone.0002762 

Salomon, B., D.J. Lenschow, L. Rhee, N. Ashourian, B. Singh, A. Sharpe, 
and J. A. Bluestone. 2000. B7/CD28 costimulation is essential for the 
homeostasis of the CD4+CD25+ immu no regulatory T cells that con- 
trol autoimmune diabetes. Immunity. 12:431—440. http://dx.doi.org/ 
10.1016/S1074-7613(00)80195-8 

Sanchez-Lockhart, M., E. Marin, B. Graf, R. Abe, Y. Harada, C.E. Sedwick, 
and J. Miller. 2004. Cutting edge: CD28-mediated transcriptional and 
posttranscriptional regulation of IL-2 expression are controlled through 
different signaling pathways. J. Immunol. 173:7120—7124. 

Sanchez-Valdepehas, C, A.G. Martin, P. Ramakrishnan, D. Wallach, and M. 
Fresno. 2006. NF-kappaB-inducing kinase is involved in the activation 
of the CD28 responsive element through phosphorylation of c-Rel and 
regulation of its trans activating activity. J. Immunol. 176:4666—4674. 

Schwartz, R.H. 2003. T cell anergy Annu. Rev. Immunol. 21:305—334. http:// 
dx.doi.org/10.1146/annurev.immunol.21.120601.141110 

Sharpe, A.H., and G.J. Freeman. 2002. The B7-CD28 superfamily. Nat Rev. 
Immunol. 2:116-126. http://dx.doi.org/10.1038/nri727 

Sun, H., B. Lu, R.Q. Li, R.A. Flavell, and R.Taneja. 2001. Defective T cell 
activation and autoimmune disorder in Stral3-deticient mice. Nat. 
Immunol. 2:1040-1047. http://dx.doi.org/10.1038/ni721 



Takeda, K.,Y Harada, R. Watanabe,Y. Inutake, S. Ogawa, K. Onuki, S. Kagaya, 
K. Tanabe, H. Kishimoto, and R. Abe. 2008. CD28 stimulation trig- 
gers NF-kappaB activation through the CARMAl-PKCtheta-Grb2/ 
Gads axis. Int. Immunol. 20:1507-1515. http://dx.doi.org/10.1093/ 
intimm/dxnl08 

Tullai, J.W, M.E. Schaffer, S. Mullenbrock, S. Kasif, and G.M. Cooper. 2004. 
Identification of transcription factor binding sites upstream of human 
genes regulated by the phosphatidylinositol 3-kinase and MEK/ERK 
signaling pathways. J. Biol. Chem. 279:20167—20177. http://dx.doi.org/ 
10.1074/jbc.M309260200 

Wakamatsu, E., D. Mathis, and C. Benoist. 2013. Convergent and divergent 
effects of co stimulatory molecules in conventional and regulatory CD4+ 
T cells. Proc. Natl. Acad. Sci. USA. 110:1023-1028. http://dx.doi.org/ 
10.1073/pnas.l220688110 

Wang, R., CP. Dillon, L.Z. Shi, S. Milasta, R. Carter, D. Finkelstein, 
L.L. McCormick, P. Fitzgerald, H. Chi, J. Munger, and D.R. Green. 
2011. The transcription factor Myc controls metabolic reprogramming 
upon T lymphocyte activation. Immunity. 35:871—882. http://dx.doi 
.org/10. 1016/j.immuni.201 1.09.021 

Wang, R., H. Xie, Z. Huang, W. Shang, and Z. Sun. 2012. Developing and 
activated T cell survival depends on differential signaling pathways to 
regulate anti-apoptotic Bcl-x(L). Clin. Dev. Immunol. 2012:632837. 

Wang, W., C. Reiser-Erkan, C.W. Michalski, M.C. Raggi, L. Quan, Z. 
Yupei, H. Friess, M. Erkan, and J. Kleeff 2010. Hypoxia inducible 
BHLHB2 is a novel and independent prognostic marker in pancreatic 
ductal adenocarcinoma. Biochem. Biophys. Res. Commun. 401:422—428. 
http://dx.doi.Org/10.1016/j.bbrc.2010.09.070 

Webster, K.E., S.Walters, R.E. Kohler, T. Mrkvan, O. Boyman, CD. Surh, 
S.T Grey, and J. Sprent. 2009. In vivo expansion of T reg cells with 
IL-2— mAb complexes: induction of resistance to EAE and long-term 
acceptance of islet allografts without immunosuppression. J. Exp. Med. 
206:751-760. http://dx.doi.org/10.1084/jem.20082824 

Whitney, A.R., M. Diehn, S.J. Popper, A.A. Alizadeh, J.C Boldrick, DA. 
Relman, and P.O. Brown. 2003. Individuality and variation in gene ex- 
pression patterns in human blood. Proc. Natl. Acad. Sci. USA. 100:1896— 
1901. http://dx.doi.org/10.1073/pnas.252784499 

Yang, X.O., P. Angkasekwinai, J. Zhu, J. Peng, Z. Liu, R. Nurieva, X. Liu,Y. 
Chung, S.H. Chang, B. Sun, and C Dong. 2009. Requirement for the basic 
helix-loop-helix transcription factor Dec2 in initial TH2 lineage commit- 
ment. Nat. Immunol. 10:1260-1266. http://dx.doi.org/10.1038/ni.1821 

Zheng, Y.,Y. Jia,Y Wang, M.Wang, B. Li, X. Shi, X. Ma, D. Xiao, andY. 
Sun. 2009. The hypoxia-regulated transcription factor DEC1 (Stral3, 
SHARP-2) and its expression in gastric cancer. OMICS. 13:301—306. 
http://dx.doi.org/10.1089/orm.2009.0014 



JEM Vol. 210, No. 8 



1619 



